The purpose of this work was to study the catalytic effect of activated carbon particles 7.5 pm in diameter on the initial oxidation rate of bisulphide, with oxygen as oxidant, in an aqueous solution buffered at a pH of 9.7 and at temperatures of 48.5, 35 and 25 "C. Two reactors were used: a stirred gas-liquid con tactor to determine the kinetics and a continuous flow reactor to demo'nstmte that a continuous process is possible.
INTRODUCTION
Sulphide often occurs naturally in water, and also occurs in industrial waste waters such as waste water from oil refineries, waste water from fossil fuel gasification plants, waste water from paper and pulp mills, well water and waste water that undergoes anaerobic oxidation. Other toxic components such as metalions, CN-ions and organic substances are often present in these types of water. The sulphide has to be removed because of its toxicity and its obnoxious odour.
Many processes have been proposed for treating waste water containing sulphide. Some of the sulphide can be removed by This oxidation can be achieved by strong agents such as Cls, bleaching powder, Os, HaOa etc. but the cost of the chemicals and possible pollution by the oxidation agents are serious disadvantages. At high temperatures (120 "C) and moderate pressures (5 atm) sulphide can be oxidized by air [l] . In this context it may be mentioned that the oxidation of cyanide can also be achieved by such a process, which will be discussed in a future paper.
It is known [2] that activated carbon can accelerate the oxidation of HsS. The kinetics of the heterogeneous oxidation, however, are UIlhOWll. In our experiments we tried to measure quantitatively the influence of activated carbon as a catalyst on the initial sulphide oxidation rate in order to investigate whether the oxidation of sulphide can be realized in a continuous process at high pH values, a relatively low temperature and with air at atmospheric pressure.
MECHANISM
The oxidation of sulphide in water by oxygen without activated carbon has been investigated by many authors [ 3 -91. Several mechanisms have been proposed. The reaction mechanism and the nature of the products strongly depend on the pH of the solution. Two reaction schemes are given for different pH ranges.
(1) Chen and Morris [ 61 proposed the following reaction scheme for oxidation in neutral, weakly alkaline and weakly acid solutions:
in which S:-is a polysulphide with 3c = 2-5. The polysulphide formed is highly reactive and can combine with oxygen to produce' several products:
According to Chen and Morris [6, 7] the reaction rate increases with increasing concentration of polysulphides which may act as a catalyst (see also ref.
3). The formation of polysulphides is a function of the pH, and the initial build-up of polysulphides may explain the induction time found by Chen and Morris (e.g. 1 h at 25 "C).
(2) At high pH values (pH > 9) the formation of sulphur and polysulphide is unlikely and the oxidation mechanism might therefore be different. Avrahami and Golding [4] proposed the following reaction scheme for alkaline solutions with pH > 11:
2I-W + 302 + 250,2-+ 53-I' zso,z-+ o2 + 2S0i-
2SO;-+ 2HS + O2 -f 2S20;-+ 2OH-Thiosulphate is very stable at this pH value and oxidation to sulphate is very slow. The purpose of this investigation was to determine an overall expression for the initial conversion rate of sulphide in order to describe quantitatively the influence of activated carbon as a catalyst, but not to look for the reaction mechanism. From the schemes given above we can expect a complex equation for the relation between the initial reaction rate and the sulphide and oxygen concentrations. The sulphide concentration is given by cs, even when it is mainly present as a bisulphide HS.
Experimental
A diagram of the apparatus is given in Fig. 1 . A glass reaction vessel with a glass stirrer was used to avoid any contact of the sulphide solution with metals, which may accelerate the oxidation of sulphide [6] .
I--- The oxidation was studied at two pH values and in order to keep a constant pH two buffer solutions were used, one with distilled water and NaOH (0.02 N) to obtain a pH of 12 and the other with distilled water, 6 g 1-l boric acid and 3.2 g 1-l NaOH to obtain a pH of 9.7.
In the experiments with activated carbon, Norit SX-II particles or Norit W-52 particles were added to the solution (for their properties see Tables 1 and 2 ). Na2S9H2C crystals, washed with distilled water, were dissolved in these solutions or suspensions, which were kept under a nitrogen atmosphere.
The reaction was started by dispersing either air or enriched air (60% O2 and 40% Ns ) or pure oxygen into the solution or suspension. Samples were taken from the liquid phase, and the carbon particles were removed. Then the sample was quickly cooled in ice-water and analysed for s phide. We %I used a calorimetric method at p 12 based on the reaction of para-aminodimethylaniline chloride and ferrichloride with sulphide to form methylene blue [lo] .
At pH 9.7 a potentiometric titration with AgN03 was carried out using a sulphide-ionspecific electrode (Orion 94-16) and a double junction reference cell (Ingold 373-go-MS-NS). We checked that under our reaction conditions the stripping rate of H2S was less than 3% and could be neglected in comparison with the reaction rate.
The oxygen concentration in the liquid was measured continuously by a MEAM cell. Although in principle this measuring technique is complicated by the presence of H2S [ll] , we found that at our reaction conditions of pH > 9.6 and cs < 5 X 10e3 mol 1-l the interference of the sulphide ions could be neglected. A few tests at lower pH values showed that the measurements were influenced by H2S since reproducible measurements of the oxygen concentration were not obtained.
Results without a catalyst
The reaction rate can easily be measured if the reaction is slow in comparison with the rate of mass transfer of oxygen from the gas phase to the bulk of the liquid. For our experiments without a catalyst this condition was fulfilled and the liquid was always found to be saturated with oxygen at the given partial pressure.
A general expression for the conversion rate of sulphide is given by r = kcicy (3) The values of the exponents p and n may depend on the concentrations of the reaction products, i.e. on the degree of conversion. Since we did not investigate the influence of the reaction products extensively, our results only give information about the initial reaction rate defined by
and since the experiments were performed in a batch reactor we may write
The initial reaction rate was derived from the slope of a plot of the sulphide concentration against time. An example is given in Fig. 2 . From this plot it can be seen that there is an induction period of about 10 min. The slope of this curve after the induction period was taken as the correct value for the initial rate.. At a temperature of 48.5 "C we obtained the following results (see also Figs. 3 and 4) . At pH 12 r. = kc,1*47cie-ss (6) with k = 0.103 mol-l-O2 11.02 s-l. At pH 9.7 (7) with k = 0.298 mol-1*13 11*13 s-l. In our results the order with respect to oxygen is almost the same as that found by Chen and Morris at 25 "c (n = 0.56); the order with respect to sulphide is somewhat higher (p = 1.34).
The reaction rate at pH 9.7 is about twice that at pH 12. The empirical relations should not be extrapolated too far outside the range, of experimental conditions we used because of the complex reaction scheme. The catalytic activity of about 50 mg 1-l activated carbon particles on the oxidation rate of sulphide is shown in Fig. 2(b) . In this figure the concentration of sulphide has been plotted as a function of time for an experiment without using activated carbon and for the same experiment using the heterogeneous catalyst. This comparison illustrates that there exists a considerable catalytic activity for the amount of catalyst used.
3.3. Rtisults with a catalyst 3.3.1. Theore tical background The total conversion rate in the presence of activated carbon particles may be influenced by many factors. Figure 5 gives a schematic concentration profile of oxygen transported from the gas phase to the inner side of the activated carbon particle, If we assume that all reactions in the liquid phase can be neglected in comparison with reactions on the activated carbon, the following rate-influencing steps may be considered:
(1) oxygen transfer from the gas phase to the gas-liquid interface;
(2) transfer of oxygen from the interface into the bulk of the liquid ; (3) transfer of reactants from the bulk to the particles; (4) internal diffusion of reactants with adsorption and chemical reaction;
(5) desorption of products within the particles ;
(7) transport of products into the bulk of the liquid.
(6) diffusion of products within the particles;
Here we only consider steps 1 -4 and we shall show later that steps 5 -7 are not relevant.
Since the sulphide concentration in the liquid phase (5 X lo-3 mol l-' ) is much larger than the oxygen concentration (2 X 10m4 mol l-l), mass transfer limitation to the particles is more likely to occur with oxygen than with sulphide. Hence we may derive the following overall expression for the oxygen absorption (i) Too much carbon gives high conversion rates and consequently too low an oxygen concentration in the liquid, which cannot be measured accurately by the MEAM cell.
(ii) Too much carbon gives too much adsorption of sulphide on the activated carbon.
(iii) Too little carbon gives slow reaction rates compared with homogeneous oxidation.
These three factors were checked after all experiments.
Volumetric mass transfer coefficient
The volumetric mass transfer coefficient km& for the absorption of oxygen into the liquid and the effect of carbon particles on the absorption were determined by a transient method (step response). For this transient method k,S,, which is a characteristic measure for the absorption rate, follows from the equation
which can be derived from a simple mass balance.
The results for k,S, under the same conditions as were used during the oxidation exper-iments are given in Table 3 . A slight increase in k,SB is found as a function of the activated carbon concentration. The order of the reaction in oxygen was determined by experiments at a catalyst (SX-II) concentration of 0.053 g 1-l and with only one constant initial concentration of sulphide. The order in oxygen was obtained from the equation log r. = K + n log cl in which K is a constant.
(17)
The oxygen concentration is not constant during the whole experiment because of the time required for saturation of the liquid after the introduction of the oxygencontaining gas phase. After some time the oxygen concentration is practically constant as a result of the equilibrium between the absorption rate and the reaction rate. The reaction rate will decrease with time because of a decrease in the sulphide concentration but this is a longterm effect (see Fig. 6 ).
The mean oxygen concentration during the whole reaction period tl is given by The results of the oxidation tests at pH 9.7 and at 48.5 "C are given in Table 4 , and can be summarized by the following rate equation: The order in S2-was determined by varying the initial concentration cse for oxidation in air. Equation (19) was found to be valid for oxygen concentrations up to 5 X 10m4 mol 1-l and for sulphide concentrations between 1.5 X 1O-3 and 9 X 10m3 mol l-l. For higher oxygen concentrations deviations from eqn. (19) were observed. This indicates a complex mechanism for the heterogeneous reaction. As our main interest was to determine the kinetics for oxidation in air, we did not investigate reaction rates at higher oxygen concentrations in detail. The orders with respect to oxygen and sulphide in eqn. (19) were also determined by an integrated procedure: the half-life method. The orders with this method (p = 0.46 and n = 0.79) are in good agreement with the orders found with the initial method. This result is a first indication that the reaction products do not influence the rate of reaction very much.
3.3.5. The kinetic constant as a function of the carbon concen tra tion The reaction rate constant k, was found to be independent of the amount of activated carbon and the k&e values observed were proportional to the activated carbon concentration (Table 5) .
Owing to a high conversion rate at high concentrations of activated carbon (>0.5 g l-l), together with the mass transfer limitation from the gas to the liquid phase, the oxygen concentration became too small to yield reliable data on k,. For some experiments we analysed the product composition quantitatively. It consisted of S,Oi-, SOi-and other sulphur compounds, with the ratio depending on temperature and oxygen concentration.
Catalyst aging
A batch of activated carbon was used several times and we found that, even after 10 mol sulphide was oxidized per gram of activated carbon, the carbon still showed the same activity.
The activation energy
Some experiments were also performed at 25 and 35 "C to determine the activation energy. Figure 7 shows a plot of In (k,S,e) against l/T for experiments at pH 9.7 and with a catalyst concentration of 53 mg 1-l. We calculated an activation energy of 17.7 kcal mol-' for this reaction and for a temperature of 25 -48.5 "C. 
Check on the assumptions of the model 3.4.1. Internal diffusion
The Thiele modulus # can be estimated from the conversion rate results, the mean effective particle diameter (7.5 pm), the effective diffusion coefficient given by and the other rate parameters (see eqn. (11)). We found that 9 = 0.5 -1.4 q = 0.98 -0.89
Thus the Thiele modulus is small enough to exclude diffusion limitations within the particles.
Mass tmnsfer from the liquid to the particles
The mass transfer coefficient can be estimated from the work of Brian et al. 1121. From their Fig. 4 we found that Sh = 0 5s~"~ for an energy dissipation rate of . 0.6 W kg-'. Since SC = 500, then Sh = 4 and ki = 2.4 X low3 m s-l. The specific external surface area Si of the particles is 90 m2 rnw3, and hence k,S, = 0.22 s-l % k,Sg = 0.0284 s-l As the degree of saturation of the bulk with oxygen is about 50% under our standard conditions, the relative concentration difference between the bulk of the liquid and the particles will be small (6%) and hence no mass transfer limitation will occur.
Influence of steps 5 -7 on the mte of oxi& tion
In one test 2.5 X lo-3 mol l-1 thiosulphate was added to the solution, but no effect on the oxidation rate could be detected. Hence this reaction product has no influence on the oxidation rate.
Desorption of intermediates
It is possible that intermediates desorb from the activated carbon. For example a slight yellow-green colour of the liquid phase was observed at high concentrations of activated carbon (0.25 g 1-l) and at a high sulphide concentration. This colour is probably due to polysulphides which in this case may also be oxidized in the liquid phase.
For these reasons our model should not be extrapolated far beyond our experimental conditions.
CONTINUOUS EXPERIMENTS

Experimental
The derived oxidation rate of sulphide in air with activated carbon as catalyst (eqn. (19) ) was verified in a bubble column (diameter 10 cm) used as a continuous slurry reactor. Figure 8 shows a schematic diagram of the experimental set-up. A suspension of sulphide solution with activated carbon flows from a storage vessel into the top of the reactor at a rate of 1.2 1 min-'. The suspension leaves the slurry reactor at the bottom. Air is supplied via a distributor at the bottom of the column and leaves the reactor at the top. The gas flow rate is 9.45 1 min-l. During all experiments the liquid level in the column was kept at a constant height of 148 cm. The gas holdup in the bubble column was 0.089. Oxidation. was carried out at a constant temperature of 48.5 "C and at pH 9.7 in a solution buffered with boric acid and NaOH.
Two kinds of activated carbon were used (Norit SX-II (particle diameter 7.5 pm) and Norit W-52 (particle diameter 50 pm)) in order to study the influence of the particle diameter on the oxidation rate.
The oxygen concentration in the liquid phase was measured with MEAM cells at four positions in the column. 
The efficiency factor v can be determined from eqns. (10) and (11) where we assume that r = ro. On the right-hand side of eqns. (25), (26) and (28) cl, ccat and cs are unknown, so that all these equations should be solved by an iteration procedure. The mass transfer rate of oxygen from the gas phase into the bulk liquid was studied using a transient method (step response) without chemical reaction, in which the oxygen concentration was followed as a function of time. The mass transfer rate from the bulk liquid to the particles was estimated from the work of Brian et al. [ 121. The energy dissipation rate under our conditions was 0.2 W kg-'.
From Fig. 4 in Brian's work we find that Sh = 0.5s~~'~ for SX-II activated carbon and Sh = s&3 for W-52 activated carbon. Since SC = 500, the mass transfer coefficient from the liquid to the particles can be calculated. It is clear that this estimate of the mass transfer coefficient is very rough.
The conversion calculated by an iteration procedure using eqns. (lo), (11) and (25) -(28) is in relatively good agreement with the measured conversion (Table 6 ). The particle diameter has a marked influence on the conversion. The lower conversion with larger particles (50 pm) is caused by the low efficiency n and by the low mass transfer rate of oxygen from the bulk liquid to the particles.
CONCLUSIONS
The oxidation of sulphide with oxygen in buffered aqueous solutions is considerably accelerated by the presence of activated carbon particles.
The conversion may become limited by the mass transfer of oxygen to the suspension, even at low temperatures. Because of the complex mechanism, the kinetic equations given in this paper are only valid for our experimental conditions.
It seems worthwhile to apply this process to the removal of small quantities of S2-from industrial waste water. More work will be necessary to evaluate the influence on the oxidation rate of the other components sometimes present in such waste water, e.g. CN-, NH3 etc., in order to enable an economic and technical evaluation. Sh cross-sectional area of the column, m2 stoichiometric coefficient oxygen concentration at the liquidsolid interface, mollV1 oxygen concentration in the bulk of the gas phase, mollW1 oxygen concentration at the gas-liquid interface in the gas phase, mol 1-l oxygen concentration in the bulk of the liquid, mol l-' mean oxygen concentration defined by eqn. (18), mall-l oxygen concentration at the gas-liquid interface in the liquid phase, mol l-l sulphide concentration in the bulk of the liquid, mol l-1 initial sulphide concentration in the bulk of the hquid, mol l-' diffusion coefficient of oxygen in the liquid phase, m2 s-l effective diffusivity, m2 s-l reaction rate constant of the homogeneous oxidation, defined by eqns. (6) and (7) mass transfer coefficient from the gas phase to the gas-liquid interface, m s-' mass transfer coefficient from the bulk of the liquid to the particles, m C1 mass transfer coefficient from the gasliquid interface to the bulk of the liquid, m s-l surface reaction rate constant, rnl*'l kmol-"*17 s distribution coefficient (oxygen concentration in the liquid phase divided by the concentration in the gas phase) order in oxygen order in sulphide reaction rate, mol l-l s-l radius of a catalyst particle, m Schmidt number specific surface area of gas bubbles per unit volume of liquid in the reactor, m-l Sherwood number 
